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ABSTRACT 
 
Title of Dissertation: Investigation of Auxiliary Power Potentials of Solar 
Photovoltaic Applications on Dry Bulk Carrier Ships 
 
Degree:   MSc 
 
The increase in world seaborne trade over the past decade due to global economic 
and population expansion has resulted in a corresponding increase of world shipping 
fleet with even greater size and power requirements. The bulk of these ships use 
cheap and widely available fossil fuels, mainly oil for operation but which has 
deleterious effects on the environment. In order to address environmental concerns in 
the shipping sector, the International Maritime Organization (IMO), responding to 
the global call to reduce greenhouse gases emissions from international shipping 
adopted technical and operational measures. These are to ensure efficient energy 
management on ships and have led to the application of many innovative 
technologies including the use of renewable energies and alternative fuels on ships to 
minimize fossil fuel consumption and reduce emissions.  
However, in order to achieve a substantial emissions reduction in international 
shipping, the potential applicability of a technology which utilizes a universal 
renewable energy resource on the largest ship type in international shipping fleet 
should be investigated. This research focuses on investigating the potential of Solar 
Photovoltaic technology on dry bulk carriers using a developed methodology and 
Levelised cost of energy concept as the basis for comparison. 
The results of this research can be used to guide decision makers about the potentials 
of Solar Photovoltaic technology on dry bulk carriers in general whilst its developed 
methodology may be useful in the specific context for determining which ships and 
under what circumstances solar PV is an option. 
KEY WORDS: Bulk Carrier, CO2 Emissions, Engine load, Fuel Consumption, 
Levelized Cost of Energy, Photovoltaic, Simulation 
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1.0. INTRODUCTION 
1.1 BACKGROUND 
Maritime transport is a derived demand from the need to do trade amongst and 
between world communities which are separated by great distances across oceans, 
seas and other waterways. Ships are the only means by which transportation across 
this medium is carried out and whether they move on sails or self-propelled or a 
combination arrangement enormous quantity of energy is required in this process. As 
world trade growth increased over the years, number of ships  also increased(Teeter 
& Cleary, 2014) to cope with the volume of seaborne trade with even greater power 
requirements due to the enormousness of size.  
The bulk of these ships depend on fossil fuels for their energy supplies with 95% of 
two-stroke Slow Speed Diesel (SSD) engines using the Heavy Fuel Oils (HFO) in 
propulsion machineries and 5% use Marine Diesel Oil (MDO)(Corbett & Winebrake, 
2008). All four stroke High Speed Diesel (HSD) engines use Marine Gas Oil (MGO) 
or MDO, 70% of four stroke Medium Speed Diesel (MSD) engines used for 
propulsion use HFO(Corbett & Winebrake, 2008). Comparatively fewer ships use 
Liquefied Natural Gas (LNG)(Clarkson's, 2017) which is a cleaner energy 
option(IMO, 2016b) than conventional bunker fuels(HFO and MDO). Combustion of 
fossil fuels in the diesel engines results in the emissions of gases some of which are 
considered to be Greenhouse Gases (GHG) under the Kyoto protocol to the United 
Nations Framework Convention on Climate Change (UNFCCC). These gases 
include carbon dioxide (CO2) and nitrous oxide (N2O). Other oxides of nitrogen, 
carbon and sulphur are also produced together with particulate matter during the 
combustion process. 
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Furthermore, the negative impact of the use of these fuels is not limited only to the 
atmospheric pollution, but the potential to cause pollution of the marine and coastal 
environment during ship board and bunkering operations exist(Hua, Wu, & Jin, 
2008). 
In the light of the foregoing challenges imposed on the environment from the 
continued use of fossil fuels, numerous efforts have been made in the past decade to 
find substitute cleaner energy sources(Solangi, Islam, Saidur, Rahim, & Fayaz, 
2011). Despite efforts in developing renewable energy such as the solar energy for 
land-based use has been remarkable, research work regarding its potentials to serve 
the expanding global fleet in order to reduce dependence on the environmentally 
hazardous fuel type has not been fully undertaken. There is abundance of sunlight 
but in terms of exploitation for human consumption it represents a tiny fraction of the 
world’s current energy mix”(International Energy Agency IEA, 2011). 
This research aims to investigate the potential of solar as energy source in auxiliary 
capacity for dry bulk carriers using Solar Photovoltaic (PV) technology.   
 
1.2 PROBLEM STATEMENT/MOTIVATION 
The reliance on the fossil fuel as the main source of energy for the maritime transport 
sector has steadily increased over the years due to the growth of the world seaborne 
trade. This has led to an increase in the amount of air pollution from the expanding 
global fleet as some are designed to be bigger with corresponding large power 
requirements for carrying large amount of cargo. Consequently, the sector’s 
contribution to the global GHG emissions for the period 2007-2012 was 3.1% and 
future emissions scenarios 2012-2050, projected to increase significantly in the 
coming decades according to International Maritime Organization (IMO) Second 
GHG Study(IMO, 2009). Depending on future economic and energy developments, 
the Third GHG Study’s Business As Usual (BAU) scenarios projects an increase by 
50% to 250% in the period to 2050”(IMO, 2014).  
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Despite efforts to find alternative cleaner fuels much attention has not been given to 
solar energy and its potentials to provide auxiliary power supply to the shipboard 
equipment. Auxiliary engines used for power generation on board ships are 
invariably MSD-HSD engines(IMO, 2014; Taylor, 1996) most of which utilize HFO 
with comparatively high specific fuel oil consumption (SFC). Considerable amount 
of CO2 emissions could be reduced when part of the engine load is replaced or 
complimented with cleaner energy alternative such as solar. 
Furthermore the significance of this research apart from the ability to reduce GHG 
emissions is the potential cost reduction or savings from rising fuel cost which is 
estimated 20%-60% of ship operating cost (Corbett & Winebrake, 2008) as well as 
capital and maintenance cost of machinery and spares.  
  
1.3 OBJECTIVES OF THE STUDY 
The main objective of the research is to evaluate the extent to which solar energy 
could serve in the auxiliary power generating capacity on board dry bulk carriers. 
However, the following are the specific objectives intended to be achieved: 
 
i. To minimise Seagoing Vessels’ dependence on fossil fuels particularly Dry 
Bulk Carriers thereby reducing global shipping contribution to the 
greenhouse gas emission 
ii. To promote and encourage reasonable substitution of ship’s auxiliary power 
with solar energy installation 
iii. To reduce ship’s initial/capital cost and  operating cost throughout the ship’s 
entire life-cycle  
 
1.4 RESEARCH QUESTIONS 
i. What is the average auxiliary fuel oil consumption of a selected ‘Dry Bulk 
Carrier’ in routine ship operational mode? 
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ii. What proportion of the fuel oil consumption represents auxiliary power 
demand under the same conditions? 
iii. What auxiliary power capacity on a select ‘Dry Bulk Carrier’ is replaceable 
with solar power installations? 
iv. How much reduction in fuel consumption and GHG emissions will 
correspond to the installed Solar PV capacity?  
v. How much reduction in GHG emissions globally will be achieved if all Dry 
Bulkers were to be fitted with a typical Solar PV installation to supply part of 
the auxiliary power? 
 
1.5 RESEARCH SCOPE 
The scope of this research is to investigate the extent Solar PV can serve as auxiliary 
power source on dry bulk carriers with side-rolling hatch covers to help reduce fossil 
fuel consumption on this type of vessels. The investigation will also include the 
evaluation of the impact of the PV technology on the fuel consumption and the 
corresponding reduction of CO2 emissions. The scope excludes the effects of added 
weight of solar module on the stability of the selected vessels. 
 
1.5.1 JUSTIFICATION 
Both dry bulk carriers and crude oil tankers have open deck areas which are not 
utilized for carrying cargo unlike container vessels. However, dry bulk carriers 
unlike crude oil tankers are also free of piping installations on the deck areas and are 
fitted with movable hatch covers which are stowed conveniently during cargo 
operations. This provides an opportunity to utilize the spaces on the hatch covers by 
installing fixed Solar PV systems without hindering cargo operations or obstructing 
access to crew in emergency. Side-rolling hatch covers could potentially be suited 
for this purpose since they are not stacked on top of each other and are winched to 
the side of the cargo hold during cargo operations. Fixed Solar PV installation on dry 
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bulk carriers will also not obstruct installation of other types of renewable 
technologies such as Fletner rotor or Kite on the same vessel. 
Fixed Solar PV installations are relatively simple and cheap compared to systems 
fitted with tracking devices and even when compared to other solar technologies 
such as solar thermal and solar fuel. This will be discussed in more detailed in 
Chapter Two. Moreover, considering ship’s six degree of freedom in seaway, unlike 
land installations, the gains in solar irradiance due to tracking may not worth the cost 
involved. 
 
1.5.2 KEY ASSUMPTIONS 
i. Standard Testing Condition s of PV Cells prevails in the ship operating 
environment 
ii. Effects of seawater and dust on the performance of the PV are considered 
negligible 
iii. Ship’s maximum power demand is used for all operational modes 
iv. There is minimum 12hours daily sunshine 
 
1.5.3 LIMITATIONS 
 
This research is limited in scope by the assumptions taken as well as the validity of 
the data used. As the focus of the research is on dry bulk carriers, research findings 
are applicable to only this type of ships and a separate research will be required for 
other ship types although the methodology proposed in this research might be useful 
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2. LITERATURE REVIEW 
 
2.1. INTRODUCTION 
This chapter begins with an overview of the evolution of motive-power for the 
maritime transport industry and how dependence on oil to power shipping is 
threatening the environment. It describes the regulatory response from the IMO and 
the potential options available for reducing reliance on fossil including the use of 
solar on specific vessels mentioned in the literatures. The chapter ends with 
description in the specific context dry bulk carriers and auxiliary engines which 
provide electrical power, available solar technologies and energy potentials. 
2.2 OVERVIEW 
Wind has been the traditional source of energy for the propulsion of ships through 
energy conversion in sails until the advent of steamships in which coal was used as 
source of energy to produce steam( IEA, 2011). As quest for higher energy efficient 
engines was pursued purposely to reduce the cost of transport and improve 
performance, a switch to oil occurred when high thermal efficiency was achieved in 
diesel engines from the conversion of heat energy in fossil fuel to mechanical work. 
Because of the many advantages that came along with the switch to oil including 
speed, reliability and simplicity, today, more than 85% of cargo ships and 64% of 
cargo tonnage are powered by oil-powered engines (Corbett & Winebrake, 
2008).Figure 1 below shows the gross maritime shipping tonnage by vessel 
technology, from 1900 – 2000. This graph indicates that from 1970 onwards the 
overwhelming majority of ships with bigger tonnages are employing motor 
technology which is entirely dependent on fossil fuel for energy. In fact, maritime 
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transportation sector according to(Winebrake, Corbett, & Meyer, 2007) is the only 
transport mode that routinely use residual fuel which is a by-product of fossil fuel. 
 
Figure 1 MARITIME SHIPPING TONNAGE BY VESSEL TECHNOLOGY 1900-2000 
(Corbett &Winebrake, 2008) 
 
The breakthrough in the higher thermal efficient engines for the maritime transport 
sector came with a cost to the environment, as currently, international shipping’s 
contribution to the global GHG  emissions stand at 2.1%, (IMO, 2014). With the 
global fleet growth, 3.5% dead-weight ton this year (UNCTAD, 2016), there is every 
indication that emission level will continue to rise if measures are not taken to 
reverse the trend through the use of alternative fuels or adoption of energy efficient 
management measures or renewable energy 
Due to mounting international pressure on maritime and airline industries to reduce 
GHG emissions from their respective sectors under Article 2.2 of Kyoto Protocol, 
IMO, the global regulator of the maritime industry took initial response in this 
regards. This response comprises a wide spectrum of actions including the adoption 
of a comprehensive legislation on issues connected to air pollution in Marpol Annex 
VI. It promotes the use of quality fuels by putting a global cap on sulphur contents in 
fuels to 0.5% by 2020 or the use of alternative cleaner fuels and deployment of 
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abatement mechanisms for SOx and NOx emissions. In the specific context of 
curbing GHG emissions from international shipping it introduces a mandatory 
technical (EEDI) and operational (SEEMP) measures for both new build and existing 
ships respectively. Whilst EEDI is designed to attract low CO2 emission index for 
new build through innovative technology, energy efficient operation for all ships to 
achieve optimised fuel consumption with minimal emissions is to be achieved 
through application of SEEMP. The voluntary operational indicator to guide this 
process is EEOI as provided in the IMO circular MEPC cir.1/684. 
Many clean energy options exist to substitute or replace part of the auxiliary power 
provided by fossil operated diesel engines. These include biofuel, hydrogen fuel cell, 
wind and solar but there are only few options available for providing adequate 
energy demand for a large  commercial ship due to the enormousness of size and 
reliability of the technology behind such an option. The main factor inhibiting the 
adoption of clean energy technologies by the conservative maritime industry is the 
uncertainties regarding their reliability as well as the initial cost involved.  
Of the many potential substitutes or alternatives to fossil-based fuels, solar energy is 
the most abundant source of energy on the planet.  It is universally available at no 
cost in its extraction as primary source unlike fossil-based products. In fact the 
energy supply from the sun is so enormous that on hourly average the earth receives 
about 1.2 x 1017 W of solar power(Markvart, 2001).  This means Sun provides a total 
global energy demand for a whole year just an under an hour. However, the major 
drawback of solar as primary energy source is its unavailability during the night and 
its unpredictability during the day.  
There are many technologies today that can be used to harness solar energy and 
converting it into mainly electrical energy and heat energy. These will be discussed 
in more detail in the later sections. Whilst solar technologies have extensive use on 
land for various applications including electric power generation, drying, heating and 
cooling, but when it comes to shipboard applications it’s quite limited in scope.    
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Solar technologies are increasingly becoming more important and attracting large-
scale investment in the power sector generally. This is part of global response to 
slow down the effects of climate change by adopting renewable energy particularly 
solar energy that has a wide-spread availability, increasing output efficiency and 
decreasing levelized cost of energy (LCOE)( IEA, 2014). In comparison, cost of 
electricity generated from solar are higher than conventional power generation plant 
in developed countries like the US where it is 2-3 times higher, however in  
developing countries where electricity tariffs are high solar could be more cost 
effective (Devabhaktuni et al., 2013) 
In shipping, the cost of energy is between 20-60 % of the operating cost using fossil- 
based energy source (Corbett & Winebrake, 2008). This figure varies significantly 
depending on the bunker cost and ship operating conditions. Some prudent ship 
owners try to offset this by applying slow steaming and adopting energy efficiency 
measures through retrofitting energy saving equipment and ordering ‘eco 
designs’(Network, 2014). For instance in a research carried out on a 100,000 dwt oil 
tanker on a route from Dalian, in china to Aden in Yemen, revealed that for a 20days 
voyage, the fuel consumption cost could be reduced by 28% if it were fitted with an 
optimised hybrid diesel/solar PV technology and energy storage system model. The 
solar PV installation area was 2000m2. This would result to a corresponding 77% 
reduction potential in CO2 emissions (Lan, Wen, Hong, Yu, & Zhang, 2015). This 
research considered many environmental variables. These include seasonal variation 
of solar irradiance, load variations during sea voyage, varying angle of incidence and 
solar irradiance on the PV system. Multiple Objective Particle Swarm Optimisation 
(MOPSO) and Non-dominated Sorting Genetic Algorithm (NSGA II) were the 
methodologies to achieve the optimum diesel/solar hybrid on that particular ship. 
In another research conducted and published by Polish maritime research in 2016, a 
solar PV model was installed and tested on a research boat of 43.1m long in the red 
sea region for a period of 10 days. On a hybrid diesel/PV, with a PV installation area 
of 90m2 on the boat’s sun deck, a fuel saving of $18500 and emission reduction of 
21.5 tons annually was achieved (Salem & Seddiek, 2016). 
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With these interesting research findings and with the efficiency of commercial solar 
PV module increasing over the last ten years by 0.3 % annually reaching 16% in 
2013 and cost of electricity from PV decreasing from 25% in 2020 to 65% by 2050 ( 
IEA, 2014) there is a promising potential for solar application in shipping. 
Solar PV technology is being used extensively on land with a cumulative installed 
capacity increasing by a rate of 49%, annually over the last decade(IEA, 2014). The 
wide-ranging applications of PV in this development include solar power stations, 
powering of remote communications stations and local community water pumping 
systems. In contrast, maritime use of solar PV mostly limited to ports infrastructure, 
powering of marine buoys and lighthouses. 
Although recently, applications of solar installations from being the sole power 
source on-board pleasure yacht such as ‘Solar Sailor(Seijo & Formoso, 2017)’ and 
‘MS Turanor Planetsolar’(Energy, 2013) to being auxiliary power source on a car 
container ship ‘Auriga Leader’ exists(Green Futures, 2009), its application on Dry 
Bulk carriers has not be found in literatures.  
Whilst Dry bulk carriers comparatively hve the largest proportion of the world fleet 
in dead weight tonnage terms 43.1% (UNCTAD, 2016), utilizing its naturally 
exposed deck to harness solar energy has not been researched into. According to the 
literatures reviewed on solar PV applications, these exposed deck spaces could 
therefore be used to produce power on the ship and reduce its dependence on fossil 
fuels. This may potentially reduce GHG emissions on this category of ships. 
According to the findings of some researchers in the alternative energy sources for  
shipping, solar power application is feasible on oil tankers, gas carriers, roro ships 
and dry bulk carriers (Seijo & Formoso, 2017). According to the same findings, most 
merchant vessels have auxiliary power requirements between 300-900kw and 9m2 of 
photovoltaic panels are required to produce 1kw of electrical power. Therefore, dry 
bulk carriers with vast exposed deck area could come near the 2700-8100m2 
corresponding to the power range requirements in terms of area. 
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With these interesting developments, the imperative question to ask is what size of a 
dry bulk carrier the installation of solar PV technology would be economically 
feasible for the entire life span of the vessel usually 25-30yrs. This duration is also 
usually the life time of PV solar module at 70-80% of their rated output ( IEA, 2014). 
Literature revealed that solar energy has the highest proportion of the global energy 
reserve and figure 2a below is the pictorial representation of this and whilst there is 
global coverage of solar energy, the extent of radiation energy is different in various 
locations around the world as indicated by fig. 2b. 
Through photovoltaic technology PV, solar energy can be converted to direct current 
and with the help of an inverter; the direct current can be converted to alternating 
current for use on ship. Different configurations are available on grid or off-grid 
applications with power ranging up to gigawatts ( Devabhaktuni et al., 2013).  
With appropriate selection and proper system configuration, the performance of PV 
systems can be greatly enhanced especially when fitted with solar tracking 
technology although that comes with extra cost(Abdullah, Ghoneim, & Al-Hasan, 
2002). 
 
 
 
Figure 2 TOTAL ENERGY RESOURCES OF THE WORLD (IEA, 2011) 
    a    b 
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2.3 BULK CARRIERS 
Bulk carriers are a class of ships that carry large amounts of loose cargo in bulk. The 
cargo could be dry cargo, liquid or a combination. However, this broad classification 
has been further subdivided into dry bulk and liquid bulk classes of ships. The latter 
class is the category consisting of oil tanker and gas carriers. The dry bulk carriers 
generally refer to those that carry solid bulk cargoes including combination carriers. 
Solas74 Convention as amended defined a bulk carrier as “a ship which is intended 
primarily to carry dry cargo in bulk, including such types as ore carriers and 
combination carriers’. This definition includes both single-side skin and double-
side skin which are constructed on or after 1st January 2000 but before 1st July, 2006. 
Same regulation of Solas 74 as amended defined solid bulk cargo as “any material, 
other than liquid or gas, consisting of a combination of particles, granules or 
any larger pieces of material, generally uniform in composition, which is loaded 
directly into the cargo spaces of a ship without any intermediate form of 
containment”. The difference between the single-side skin and the double-side skin 
lies in their construction. Single-side skin are those bulk carriers in which one or 
more cargo holds are bound by double-side skin and in the double side skin carriers 
all cargo holds are bounded by double-side skin. Figures 3 and 4 below show typical 
dry bulk carrier (with side-rolling covers) and construction of a double-side skin 
according to International Association of Classification Societies (IACS) unified 
interpretation of the regulation of Solas 74 as amended. The value of A which is the 
distance between inner and outer shell shall not be less than 1000mm 
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Figure 3 TYPICAL BULK CARRIER WITH SIDE-ROLLING COVERS (www.cargotec.com) 
 
.  
Figure 4 IACS UI OF DOUBLE-SIDE SKIN 
 
Development of this class of ships began in the beginning of the 20th century Great 
Lakes for carrying Ores. Until after the Second World War dedicated bulk carriers 
for ocean going were not built in large numbers for the reason that much of its cargo 
could be carried by general cargo tramps (Eyres & Bruce, 2012). However, due to 
growth in world seaborne trade and industrialization, the number of dry bulk carriers 
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built annually to cope with the global demand of cargo transport has seen a steady 
rise (Clarkson, 2017). Figure 5 below shows the growth in the dry bulk carriers from 
the actual values of 1998 through to forecasted values of 2017 and 2018. The huge 
difference between the deliveries and scrapping of dry bulk carriers for the period 
under review is a manifestation of the above fact. The loading of dry bulk carriers is 
by shooter or conveyor belt and discharge process is carried out by grabs or suction 
pipes. The design of this class of vessels ingrains special features in order to 
maintain stability in seaway in both laden and in ballast conditions. This is done by 
fitting the inner hull with upper and lower ballast tanks. This feature also enables 
automatic stowage of grain and eliminates free surface effects of cargo (Dokkum, 
2013). 
 
 
      Figure 5 DRY BULKER SUPPLY (Clarkson Research June 2017) 
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2.3.1 TYPES OF DRY BULK CARRIERS 
Dry bulk carriers are generally categorized for commercial reasons according to size 
in terms of deadweight and type of cargo carried. But based on the method of hatch 
operation could be further categorised in different types. However, the basic hull 
construction as described above in accordance with definition Solas 74 as amended is 
essentially the same. The below sections describe the various types according to size 
and hatch operation as this in general covers all cargo types carried.  
 
2.3.2 ACCORDING TO SIZE 
Size categorization according to cargo carrying capacity is made in ranges of 
deadweight and names are given to these ranges depending on the route through 
which the ship is able to transit (size restriction) during its sea passages. The names 
associated with deadweight ranges are Capesize, Panamax, Handymax, and 
Handysize. Whilst Suemax, kamsarmax, Ultramax Chinamax and Supramax are used 
to describe certain deadweight ranges, they fall within the ranges of Capsize, 
Panamax, Handymax and Handysize. There are different ranges mentioned in 
different literatures although the name associated with them is the same. In Clarkson 
Research database Capesize ranges from 100,000 dwt and above, Panamax ranges 
from 65,000-99,999dwt, Handymax from 40,000-64,999 and Handysize from 
10,000-39,999. In (Eyres & Bruce, 2012) and (Dokkum, 2013) different ranges are 
mentioned for the same names. Figure 6 below shows the percentage share and 
number of each size categories concluded from Clarkson database. 
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Figure 6 BULK CARRIERS ACCORDING TO SIZE (CONCLUDED FROM CLARKSONS 
DATABASE, 2017) 
 
 
2.3.3 ACCORDING TO HATCH TYPE 
The operational characteristics of bulk carriers require it to be fitted with a 
hatchways or passageways to ensure unrestricted access to bulk cargos. These 
hatches are covered with watertight steel plates to protect cargo and safeguard its 
wholesomeness. According to the mode of closing and opening of the hatches, the 
types of covers are side-rolling, piggy-back, folding covers and lift away. Apart from 
the lift away which are completely move away from the hatch, the others are either 
rolled on the side or folded and stacked on another. 
 
2.3.3.1 Side-Rolling Covers 
This type of covers slide sideways in back and forth whilst opening and closing the 
hatchway. The actuation of the movement could be electrical or hydraulic means. 
Figure 7 below shows side-rolling covers in open and closed positions. 
1687, 15%
2509, 23%
3536, 32%
3351, 30%
SIZE OF BULK CARRIERS BY NUMBERS AND 
PERCENTAGE
CAPESIZE 100,000 Dwt +
PANAMAX 65,000-99,999 Dwt
HANDYMAX 40,000-64,999 Dwt
HANDYSIZE 10,000-39,999 Dwt
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Figure 7 SIDE-ROLLING HATCH COVER (www.cargotec.com) 
 
2.4 SEA ROUTE OF DRY BULK CARRIERS 
The sea routes of dry bulk carriers consist of networks linking major producers of 
raw materials and major consumers which are mostly developed or heavily 
industrialised countries. In many instances they are separated by large distances 
whilst short connections also exist between neighbouring producers and consumers. 
For instances, according to Clarkson Research, 2017 major dry bulk cargoes like iron 
ore, coking coal, and steam coal the major producers include Australia, Brazil, USA, 
Canada,  Indonesia and Colombia and consumers include China, Japan, and EU.  For 
grain cargo major producers include USA, Canada, Australia Argentina, and EU and 
major consumers include Asia, Africa and the Middle East. 
Figure 8 below shows the location of major dry bulk ports depicting major 
consumers and producers. 
The relevance of the map at figure 8 is to demonstrate in the later sections the effect 
of distance   on fuel consumption and CO2 emissions in the dry bulk sector as 
covered in the IMO third GHG Studies.. 
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Figure 8 MAJOR DRY BULK PORTS (CLARKSON, 2017) 
 
 
Figure 9 TRENDS IN DRY BULK SECTOR 2007-2012(Third IMO GHG, 2014) 
  
2.5 FUEL CONSUMPTION OF DRY BULK CARRIERS 
As stated in the previous section that long distances exist between producers and 
consumers of the dry bulk cargos in many cases, the relevance of this is depicted in 
figure 9 above. This shows the trend of various parameters in the dry bulk sector. 
According to IMO GHG Study, 2014, the reason for the trends is that CO2 emissions 
are a function of total number of ships and average fuel consumption. The fuel 
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consumption according to the report depends on number of sea days, which is related 
to distance although it could also be attributed to slow steaming in the case of 
container vessels. Figure 10 below shows the average fuel consumption, and speed of 
bulkers according to size range. 
 
Figure 10 AVERAGE CONSUMPTION OF DRY BULKERS ACCORDING TO SPEED AND 
DWT (CONCLUDED FROM CLARKSON, 2017) 
 
2.6 SOLAR TECHNOLOGIES-CONCEPT 
Solar technology involves the use of semiconductor materials to harness energy of 
the sun and convert it to heat and electricity. The semiconductor materials which are 
called photovoltaic cells enable the quantum of solar energy called photons falling on 
it to drive electrons from the molecular lattice of the material(IEA, 2011). This effect 
was first observed in the early part of the 19th century by Alexandre-Edmund 
Becquerel, that electricity was made from certain light-induced chemical reactions. 
The materials which are used in semiconductors are varied but crystalline silicon 
currently has the largest share of the market with about 90%(IEA, 2014). Others 
include variants of silicon such as amorphous silicon and multi-junction 
-
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(heterogeneous) thin film. Cadmium-tellurium and Copper-indium are also other  
types belonging to the thin film ( IEA, 2011).  
The nature of the crystal that gives it unique ability for production of electricity 
through movement of electrons in the lattice is best illustrated in the tetrahedral 
structure of the silicon atom. Each atom in the face of the tetrahedron forms bond 
with four other atoms at the vertices in which only two electrons are used in the bond 
(Markvart, 2001). The formation of the bond creates a valence band, as the outer 
shells of the atoms are not completely filled. When light fall on the crystal the 
electrons in the valence band are excited and only after receiving sufficient energy 
they move to the next energy band called the conduction band. Holes or positive 
charges are created in their wake. This flow of negative charges (electrons) and 
positive charges (holes) generates electricity within the crystal. Figure 11 below 
shows the demonstration of this phenomenon.  
 
 
Figure 11 PHOTOVOLTAIC EFFECT ON SEMICONDUCTOR (EPIA-2011 as Cited in IEA, 
2011) 
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 The other solar technologies convert solar radiation into heat for heating purposes or 
use it to generate electricity. The figures below show the three different technologies. 
Figure 12a shows a set of solar heaters which convert solar radiation to heat.  
  
 
 
 
 
In addition to PV technology, two other technologies, which are used to generate 
electricity directly from the sun, are the Concentrated PV (CPV) module, and 
Organic Cells. The CPV module as shown in figure 12 b is made of lens and mirrors 
to concentrate solar radiation on high efficiency cells, which capture specific band of 
solar radiation spectrum. Higher module efficiency of 25% (IEA, 2011) is quoted 
about them but the cost of manufacture outweighs the benefits gained from higher 
efficiency. The concentrated solar radiation is used to operate a power-generating 
(a) Solar Heaters for heating 
(b) Solar Thermal Electricity 
22 
device such as a Stirling engine or gas or steam turbine. CPV is more efficient in 
capturing sun’s energy than the PV due to its design and ability to track the position 
of the sun (Devabhaktuni et al., 2013) 
The Organic cell is produced from purely organic materials or hybridized with dye-
sensitized semiconductor which are titanium oxide nanostructure (Seijo & Formoso, 
2017) . They have lower cost of manufacture but have a short life span and lower 
efficiencies. Figure 12c shows solar fuel technology, which generates hydrogen gas 
from water using it as fuel to generate electricity. 
 
 
 
 
Figure 12 VARIOUS SOLAR TECHNOLOGIES (As cited in IEA, 2011) 
  
For maritime applications of solar technologies on ships, conventional solar PV array 
is the dominant technology in use. This is evidenced in the literatures cited above in 
which PV applications are mentioned.  In contrast with land-based applications each 
type is suited or customized for specific use. The reason for this could be attributed 
to the high cost of other technologies compared to solar PV array due to lack of 
sufficient space on ships to ensure economic feasibility, operating environment and 
ships mode of operation.  
 
(c) Solar Fuel Technology 
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2.6.1 PV MANUFACTURE AND MAJOR MANUFACTURERS 
Many materials are now used in the manufacture of PV modules in the quest to 
achieve higher efficiencies and more enhanced physical properties. The cells, which 
form the PV modules, are produced from purified ingots of the base material such as 
silicon and the junction between the slices of the semiconductor materials are created 
during the manufacturing process. Protective coating against the effects of the 
environment such as water and dirt are provided using glass and weatherproof 
material. As dust accumulation affects solar irradiance due to the degradation of 
glass transmittance, anti-reflective coated glass is used instead of normal glass 
(Fuentealba et al., 2015). The modules are then combined to form strings, arrays and 
systems(International Energy Agency IEA, 2014). The PV system consists of the 
module and the rest of the associated equipment that enables the system to function 
is called Balance of System components (BOS). These components include inverters, 
transformers, electrical protection devices, wiring, and monitoring equipment. In 
addition, the BOS also includes structural components for installing PV modules, 
such as fixed mounting frames and sun-tracking systems. Figure 13 below shows the 
market share of the materials used in the PV system. 
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Figure 13 MARKET SHARE OF PV TECHNOLOGIES (Satistica, 2017) 
 
The shares indicate large dominance of silicon semiconductor material in the market 
particularly the multi-crystalline (m-Sc) type.  This is attributable to the large scale 
production of the module, relatively higher efficiency and decreasing cost of the 
purified silicon. Much improvement in the manufacturing process and the expansion 
of the PV industry has progressively reduced the cost of production to the extent the 
cost of module is nearing a third of the PV system utility cost. Figure 14 below 
shows the shares of major PV module manufacturers and their countries of origin. 
The figure shows that china is the leading the manufacturer of PV modules globally 
and Trina Solar is the largest manufacturing company on aggregate. 
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Figure 14 GLOBAL MARKET SHARE OF MAJOR PV MODULE MANUFACTURERS 
(Statistica, 2017) 
. 
2.6.2 EFFICIENCY AND LIFE SPAN 
The performance of PV modules are determined under a specific set conditions 
called Standard Testing Conditions (STC) in accordance with IEC-61853-1 code for 
testing performance of PV module (Yoshida, Ueno, Kataoka, Takakura, & 
Minemoto, 2013). These values may differ from the actual outdoor performance of 
the PV system due to environmental conditions. In a study conducted to compare the 
performance of  different PV technologies (Fuentealba et al., 2015) it was discovered 
that some of the environmental factors that affects performance include solar 
radiation intensity, corrosive environment, temperature, humidity, ventilation and 
dust. 
 Indicator for evaluating PV system performance is performance ratio (PR) which is 
a numerical expression of how effectively the system converts sunlight into 
electricity. According to (Fuentealba et al., 2015) in order to accurately determine 
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the energy yield and hence the performance of the PV system, field measurements 
are required to create a model of the system although mathematical expression are 
also used to predict. Theoretically, the efficiency quoted for PV systems is around 
30% but commercial figures are lower and are between 16-21% for 70-80% of its 
rated output for the entire lifespan of 30yrs (International Energy Agency IEA, 
2011). 
 
2.7 SOLAR RADIATION 
Solar radiation is a product of the reaction of the constituent elements of the sun 
mainly hydrogen and helium. The radiated energy is received on the surface of the 
earth after travelling through space and the earth’s atmosphere. Much of it is 
attenuated before reaching the earth’s surface(IEA, 2011). The radiation coming 
from the sun is termed solar irradiance and when irradiance is computed over a 
period of time it referred as solar irradiation(Markvart, 2001). 
 
2.7.1 TYPES OF SOLAR IRRADIANCE AND VARIABILITY ACROSS THE 
GLOBE 
Radiation from the sun has three main components. These are direct, diffuse and 
reflected radiations. The amount of each reaching the target varies depending on the 
motion of the sun, climatic variability (Markvart, 2001) and the surrounding surface. 
The reflected radiation reaches its target after being reflected from the ground or 
surrounding surface. The direct component falls on the target directly without 
scattering or diffusing. The amount of radiation falling on a horizontal surface 
normal to the solar irradiance is termed global horizontal irradiance and it is sum 
total of the three components. . The global irradiance could be as high as 1kw/m2 but 
this value is less than received on the earth surface and vary according to location. 
However, this is used for testing solar cells. The global irradiance on a tilted/inclined 
surface is a function of the angle of panel inclination to the horizontal. In this 
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configuration, inclined surfaces have wider surface area exposed to the sunlight than 
horizontal surface. 
 
2.8 AUXIALIARY DIESEL ENGINES 
On board the ship the term auxiliary machinery generally refers to all other 
machineries other than the propulsion machinery (MEPC/Cir.195,Woodyard, 2009). 
These include auxiliary diesel generators, air compressors, purifiers, fresh water 
generators and boilers etc. However, auxiliary diesel engines installed in the ship’s 
machinery space for the purpose of producing electrical power exclusively refer to 
electric generating sets which have diesel engines as prime movers. Although there 
are many machinery configurations which are capable of producing electrical power 
on the ship such as turbo generators, and shaft generators, these systems only 
compliment diesel generating sets as the main source of electrical power. Diesel 
engines are invariably used for producing electric power on ships due its simplicity, 
reliability and higher thermal efficiency. There are only two types of compression 
ignition engines used on board ships whether for propulsion or for power generation. 
These are the two stroke and four stroke engines with the difference between them 
being how power is developed during the cycle. For the purpose of auxiliary 
application such as electrical power generation, four stroke medium and high speed 
diesel engines are used whilst two strokes are invariably used for propulsion 
application on cargo vessels and to some extent medium speed engines with 
reduction gear configuration (Taylor, 1996).  
 
2.8.1 AUXILIARY DIESEL ENGINE EMISSIONS 
Emissions from the auxiliary diesel engines are similar to those of the main engines 
running on the same type of fuel. The largest component being CO2, whilst nitrogen 
oxides (NOx), sulphur oxides (SOx), carbon monoxides (CO) and particulate matter 
(PM) are also constituent elements and these are the components covered in the IMO 
GHG emissions Studies. 
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Irrespective of the type installed, the quality and quantity of combustion products 
from these engines depend on the type of fuel used, mass of fuel burned, quality of 
fuel injection equipment and the operating parameters. Whilst recent developments 
in engine technology led to major improvements in the quality of exhaust (Fiebig, 
Wiartalla, Holderbaum, & Kiesow, 2014; Woodyard, 2009) and increase of power 
density (Fiebig et al., 2014), the amount of emissions from the use of fossil fuels is 
still unparalleled when compared to other fuel types. Figure 15 below shows the 
relative amount of CO2 (thousand tonnes) emitted from the use of each fuel type in 
the international shipping. 
 
Figure 15 RELATIVE OF AMOUNT OF CO2 EMITTED FROM USE OF EACH FUEL TYPE 
IN INTERNATIONAL SHIPPING BETWEEN 2007 AND 2012 (Adopted from IMO Third GH 
GHG Study, 2014) 
 
Due to the differences in the combustion emission factors which depends on the fuel 
type, engine type and duty cycle, the  amount of CO2 emitted for burning a ton of 
HFO in auxiliary diesel engines is 3,114kg (IMO Third GHG Study, 2014) after 
adjustment by incorporating engine variability. The amounts for NOx, SOX, CO and 
PM are given in table 1 below. The amounts of CO2 for MDO and LNG are 
respectively, 3,206kg and 2,750kg per ton of fuel burned. This is an indication that 
the amount of CO2 emissions from the use of MDO and LNG by ships on aggregate 
for each year is relatively small when compared to HFO. In fact many ships fitted 
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with auxiliary diesel engines are designed to use same kind of fuel as main engine 
for ease of storage and according to(Corbett & Winebrake, 2008), 70% of all 
medium speed diesel engines on ships use HFO as fuel. 
 
Table 1 Emission Factors of Combustion Products for Different Fuels (Adopted From 3rd IMO 
GHG Study) 
IMO Tier Engine Speed/Type Fuel Type Emission Factor (EF)KG/tonne of Fuel 
0 MSD 
HSD 
HFO 
HFO 
(3114)1, (64.76)2,(52.78)3,(6.34)4,(2.38)5,(0.16)6 
(3114)1, (51.10)2,(52.78)3,(6.34)4,(2.38)5,(0.16)6 
1 MSD 
HSD 
HFO 
HFO 
(3114)1, (57.27)2,(52.78)3,(6.34)4,(2.38)5,(0.16)6 
(3114)1, (45.81)2,(52.78)3,(6.34)4,(2.38)5,(0.16)6 
2 MSD 
HSD 
HFO 
MDO 
(3114)1, (49.34)2,(52.78)3,(6.34)4,(2.38)5,(0.16)6 
(3206)1, (36.12)2,(-)3,(-)4,(-)5,(-)6 
All Otto LNG (2750)1, (7.83)2,(0.02)3,(0.18)4,(7.83)5,(0.11)6 
MSD: Medium Speed Diesel Engine (Aux), HSD: High Speed Engine (Aux) and Otto: Engine 
operating on Otto cycle. Superscripts: 1-CO2; 2-NOX, 3-SOX, 4-PM, 5-CO, 6-N2O 
IMO Tier applies only to NOX emissions and hence the different values for same fuels under different 
technologies. 
The inference from table 1 above indicates that even for different auxiliary engine 
technologies, CO2 is the most dominant constituent of the engine exhaust and the 
other components may reasonably be ignored when considering the emission 
reduction potentials for a specific technology these type of engines. This is because 
auxiliary diesel engines on ships generally have small power ranges and are 
generally between 300-900KW (Seijo & Formoso, 2017) compared to main engines 
which may come with installed power of up to 80,000KW. This is not to assume that 
the total emissions of the other constituents are not significant when considering the 
social cost of emission. In fact, whilst the main impacts of CO2 is global warming, 
that of SOx, NOx, and PM are acid rain and major health problem such as 
cardiopulmonary diseases. These are major burden on the society but with recent 
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developments in engine technology including the use of diesel oxidisation catalyst 
(DOC), EGR, and other after treatment methods (Fiebig et al., 2014) as well low 
sulphur fuel, their emissions are substantially reduced. 
 
2.8.2 MAJOR TYPES USED IN MERCHANT VESSELS 
There are as many different types of auxiliary marine diesel engines used in the ships 
as there are engine makers. However, major engine builders with good track record 
on engine reliability, simplicity of machinery operation and cost considerations 
dominate the market. According to Clarkson Shipping Intelligence, Man B& W has 
up to 85% market share of the marine diesel engines on ships. On Bulk Carriers, the 
dominance of Man B & W is also the case and figure 16 below shows the engines on 
bulkers from major engine builders. 
 
 
Figure 16 ENGINES ON BULK CARRIERS FROM MAJOR BULDERS (ADOPTED 
CLARKSON SHIPPING INTELLEGENCE, 2017) 
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The combined share of the five major engine builders exceeds 98% of the total 
number of bulkers currently in operations, which is equivalent to 10,500 vessels. 
 
2.8.3 LOAD VARIABILITY AND FUEL CONSUMPTION 
Load on diesel engines is not constant but fluctuates according to ship’s operational 
mode. Low load means less power required and therefore less fuel consumption 
within certain limits. This means diesel engines are optimised to work within a 
designated load range which gives the best fuel economy and outside this load range 
would result to significant increase in specific fuel oil consumption (SFOC) (Third 
IMO GHG Study, 2014). Figures 17 &18 below show the variability of engine load 
with SFOC.  
For main engines, the sensitive parameter to changes in ship operational modes only 
at sea and during manoeuvring is speed because of the cubic relationship with power 
(PV3). This means slight increase in speed would result in significant increase in 
fuel consumption. For auxiliary engines, load changes is also experienced in all 
operational modes of the ship and depends on the electrical load demand of the ship 
systems in these modes. The four operational modes considered in Third IMO GHG 
Study during which auxiliary engine load changes continually are sea, manoeuvring, 
berth and anchorage. 
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Figure 17 EFFECT OF ENGINE LOAD ON BRAKE SFOC FOR SELECTED SSD, MSD, 
AND HSD ENGINES (Third IMO GHG Study, 2014) 
 
 
Figure 18 EFFECT OF ENGINE CONTROL TUNING ON SFOC (Third IMO GHG Study, 
2014) 
 
Figures 17 and 18 indicate the variability of engine load with SFOC. In figure 17 the 
pattern of response to engine load variabilities with SFOCs is similar for different 
engine technologies by major engine builders. . But the variability between engine 
technologies is due to fact that   MSD and HSD generally have higher SFOC than 
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SSD.  It can be seen from figure 17 that HSD Caterpillar has higher SFOC compared 
to SSD Man B &W.  The general trend however depicts that the SFOC is optimum at 
a certain engine load for each engine technology. SSDs optimal engine load SFOC 
ranges 175-205g/KWh and for MSD and HSD the range is 185-225g/KWh for the 
technology period pre-1983 to post 2001 (Third IMO GHG Study, 2014). Figure 18 
shows this effect of load variability on SSD through engine tuning. It demonstrates 
the potential fuel savings possible at part load operation but the efficiency of the 
engine is compromised. 
An important parameter for measuring engine performance is the rating at a given 
horse power or Kilowatts. The maximum power output of an engine that is required 
for everyday service delivery is the most important parameter (Molland, Anthony, 
2008). Due to load variations under service conditions, the engine performance is 
desired at a certain percentage of the maximum continuous output. This is called the 
maximum continuous rating (MCR) and its usually 80% for main engines and 50-
75% for auxiliary engines on ships (Molland, Anthony, 2008). 
 
2.9 COSTS-CAPEX AND OPEX 
Major costs of diesel engines are the capital or investment expenses which is referred 
to as (Capex), and the operational expenses (Opex). The Capex consist of the initial 
cost of the engine and this depends on the power rating of the engine. Normally 
quoted per KW and different for each builder, engine prices are not published but 
reserved with manufacturers. However literatures mentioned certain price ranges 
125-300$/KW(Welaya, Mosleh, & Ammar, 2013) for marine diesel engines.. This 
price quote may vary considerably between major builders in the face of recent 
advances in engine technology. Opex refers to the expenses whilst engines are in 
service. The major components of Opex consist of the costs relating to fuel and 
Lubricating oil consumption and the parts replacement. This opex for marine 
auxiliary engines is ship specific and related to the engine operational characteristics 
and shipping company maintenance policy. Like Capex, the Opex data is not 
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publicly available and not published. In the second IMO GHG study, emissions 
relating to auxiliary engines were arrived at by estimating the number and load of 
auxiliary engines operated by vessel type based on the technical data provided in IHS 
Fairplay. Since emissions are proportional to the amount of fuel consumed, this 
major component of Opex may be determined in a similar manner.  
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3. METHODOLOGY 
3.1 INTRODUCTION 
The approach of this research is to provide a general perspective of investigating the 
potential of solar Photovoltaic applications in auxiliary capacity on board bulk 
carriers with side rolling hatch covers. Levelised cost of energy comparison between 
a conventional case and a Hybrid case will be utilised. As ships are invariably fitted 
with diesel engines to provide electrical energy for auxiliary purposes, this is 
considered as the conventional case, whereas the case of the diesel/solar is 
considered in this research as the hybrid case. This research will then attempt to 
present a specific real case conventional case to demonstrate or valid the approach 
utilised in this work. 
The original plan of research is to make use of the primary data on fuel and 
lubricating oil consumption from the ships in operations. But due to the 
unavailability of primary data, the research will propose a methodology for 
determining the average daily fuel consumption and average engine load based on 
the available engine technical data and apply Monte Carlo simulation using Oracle 
Crystal Ball Software Release 11.1.4 to obtain probabilistic values. It will then use 
secondary data from Clarkson’s Database in the case study Chapter. Therefore, the 
combination of the proposed methodology and LCOE concept constitute the edit-
value of this research. 
 
3.2 PROPOSED METHODOLOGY  
The approach or methodology used in many of the specific applications of Solar PV 
on ships mentioned in the literature review has been to study its impact on fuel 
consumption and the potential economic benefits on the research ship. Those studies 
did not utilize the concept of Levelised cost of energy as a basis for comparison 
between energy production systems on the ship. Secondly, no methodology was 
developed for determining the average fuel consumption in those researches. The 
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approach in this research is to study the cost effectiveness of Solar PV application on 
many bulk carriers of different sizes by utilizing the empty spaces on the hatch 
covers which to the best of the author’s knowledge has not been found in the 
literatures although its applicability has been mentioned (Seijo & Formoso, 2017). 
As power generation of the PV module depends on the available installation area, 
and global solar irradiance which varies according to location and time, this research 
will attempt to establish what size of bulk carriers it is economically feasible to 
invest Solar PV application through the model analysis. Key assumptions stated in 
the Chapter 1 will be used in creating the model. Figure 19 below shows the flow 
diagram of the methodology. 
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Figure 19 FLOW DIAGRAM OF THE METHODOLOGY 
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3.2.1 AUXILIARY ENGINE LOAD AND SHIP ELECTRICAL LOAD 
Diesel engine(s) in a conventional ship provides the entire electrical load since it’s 
the only power source available to fulfil ship’s electrical power requirements. 
Therefore, its load capacity at any time is determined or depends on the electrical 
power demand of the ship. This depends on the various operating modes of the ship 
such as at sea, manoeuvring, berth and anchorage(IMO, 2014).  
𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐿𝑜𝑎𝑑 (max) = 𝑓 ∗ 𝐸𝑛𝑔𝑖𝑛𝑒 𝑟𝑎𝑡𝑖𝑛𝑔 
𝑬𝒎𝒂𝒙 = 𝑷 ∗ 𝐟       Equation 1 
Where Emax is the ship’s maximum electrical load (kw) under service condition 
 P is the total engine power rating (kw) of the auxiliary engines and  
fmax is the load factor  
As diesel engines are constrained to operate below certain minimum threshold load, 
ship minimum electrical load therefore corresponds to this value. This minimum load 
threshold is set by the engine builder and depends on the minimum load factor fmin. 
Therefore, minimum electrical load on the ship is given by 
𝑬𝒎𝒊𝒏 = 𝑷 ∗ 𝒇𝒎𝒊𝒏      Equation 2 
The electrical load on the ship fluctuates between these maximum and minimum 
limits for the most part of its service life and whilst auxiliary diesel engines are built 
to accommodate the transient load situations that may arise outside this range during 
operation, this happens only occasionally and last for a short period. Therefore, this 
transient load situation is not considered in this research. In other words no-load and 
overload conditions are neglected. 
 
3.2.2 FUEL CONSUMPTION 
Fuel consumption is a function of the engine power, and in the conventional case 
considered in this research, all electrical loads is supplied from the combustion of 
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fuel in the diesel engine. The amount of fuel consumed by the auxiliary engine in the 
conventional case can generally be determined from the equation below 
𝑸𝒕 = 𝑺𝒇 ∗ 𝐏 ∗ 𝐟 ∗ 𝐭        Equation 
3 
Where Qt (tons) is the amount of fuel consumed in time t (hrs) and Sf (g/kwh) is the 
specific fuel oil consumption of the auxiliary diesel engine. The value of Sf varies 
according to engine technology, characteristic and age but range generally as 
mentioned in the literature section. Auxiliary diesel engines relatively have small 
power rating compared to main propulsion engines as mentioned earlier and are also 
designed to operate at near constant speed to produce the required voltage. Any value 
falling within Sf range can be used fuel consumption calculation. 
 
3.2.3 DETERMINATION OF AVERAGE POWER AND AVERAGE DAILY 
FUEL CONSUMPTION 
Ship’s auxiliary diesel engines in accordance with Solas convention, Flag and Class 
requirements are designed with endurance to be able to supply full electrical load and 
tolerate transient load surges up to a certain limit. This does not mean that the 
auxiliary engines are always operated at their rated power. How often and for how 
long auxiliary engines are operated below or at their rated power is complex to 
determine as this depends on electrical load demand in the ship. It is therefore 
important to determine the average power and average daily fuel consumption. In the 
Third IMO GHG Study, auxiliary engine loads were estimated base on the number of 
engines and rated engine power.  In this study, it is determined from the following 
equations. 
𝐏𝒂𝒗 =
𝟏
𝒏
∑ 𝐏𝒕𝐟𝒕
𝒕=𝒌
𝒕=𝟎       Equation 4 
Where Pav is the average power of an auxiliary engine in operation corresponding to 
the nominal electrical load demand of the ship, Pt is the total power of the auxiliary 
engines at time (t), ft is the load factor at time (t) and n is the number of auxiliary 
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engines in operation. The interval t=0 to t=k is the period during which this load 
condition exists. 
Similarly, the average consumption can be determined as follows; 
𝐐𝐟𝐚𝐯 =
𝟏
𝒏
∑ 𝐐𝒕
𝒕=𝒌
𝒕=𝟎       Equation 5 
Where Qt is the fuel consumption in time (t), n is the number of auxiliary engines in 
operation, Qfav is the average daily consumption of an auxiliary engine. 
The determination of these average values is necessary for the following reasons: 
I. The electrical load on the auxiliary engine is proportional to the engine load 
and its varies continually depending on the service condition of the ship as 
well as shipboard activities 
II. Total auxiliary power available on the ship and load factor are variable 
quantities; this is because a ship may have many auxiliary engines such as 2, 
3 and in some cases up to 4 but only some would be required to operate 
depending on the load situation such as ballast condition and other auxiliaries 
engine may be started as ship service loads increase. Even those running 
auxiliary engines may not be loaded to their full power rating for the same 
reason. 
III. Existing ships may have records of operational fuel consumption data of the 
existing auxiliaries to use as reference but this is not the case for new ships. 
In that case it would be useful to determine consumption from average values 
of power and specific fuel consumption instead absolute value of the engine 
power rating.  
IV. The average power values are important in the determination of total energy 
produced by the auxiliary engine in a year as will be shown in the data 
presentation chapter. Using the rated auxiliary power for annualised energy 
will give a bloated result. 
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3.2.3.1 MONTE CARLO CRYSTAL BALL SIMULATION 
Monte Carlo Simulation is a multifunctional tool that can be used to produce 
probabilistic (result) values of a model whose varying inputs has effects on the 
output. It generates a range of values of the assumptions already defined in the 
model and uses these as input feeds into the formula defined in the forecast cells. In 
Monte Carlo Simulation the assumptions, decision variables and forecast values in 
the cells are defined as follows: 
Assumption Cells: Contains independent input variables whose value is 
uncertain in the problem being solved. 
Decision Cells: Contains independent input values that the decision maker 
has control to change.  
Forecast Cells: Contain dependent variables produced from one or more 
assumptions cells and decision variables 
These three data values are explained in more detail in the next Chapter and 
simulation is utilized to determine the values of Pav and Qfav using Crystal Ball 
Software Release 11.1.4 which is made available to the students in the University 
computer lab.  
Monte Carlo simulation using the Crystal Ball is an easy to use analytical tool and 
overcomes the limitations encountered in the traditional spreadsheet analysis. 
 
3.2.4 SOLAR POWER DETERMINATION 
Power generated by Solar PV depends on the area, A (m2) available to solar 
irradiance, intensity of the global solar irradiance, G (w/m2) and the efficiency,  of 
the solar module. Although the efficiency of solar module is influenced by factors 
such as dust, temperature and other environmental factors as humidity and corrosive 
atmosphere (Fuentealba et al., 2015), effects of the environment on the performance 
of the module are not considered in this research. To ensure compliance with 
traditional shape (flat on top) of hatch covers and enhance uniform distribution of 
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load on the cover, solar panel inclination to the plane of the horizontal surface will be 
considered zero. Similarly, Standard Testing Condition parameters (STC) would be 
utilized. Furthermore panel inclination to the horizontal will be taken as zero. The 
rationale behind using STC is that modules are tested and their efficiencies 
determined under this condition although this may differ from their operating 
conditions. Although the average global irradiance vary according to location, time 
and environmental factors but the research on an oil tanker(Lan et al., 2015) which 
considered the effects of location variability and sea environment has recorded 
higher than value assumed in this research in some instances. 
Power generated from the PV system can be determined from the equation below 
𝐏𝒔 = 𝒔 ∗ 𝑨 ∗ 𝐆       Equation 6 
Where PS is the power (w) produced by the system at the averaged global irradiance 
of G w/m2 per day, 𝑠 the efficiency of the solar module and A is the installation 
area in m2. The area considered in this research total hatch area of the bulk carrier 
equivalent to the installable module area of the PV system. 
 
3.2.5 ELECTRICAL LOAD OF THE AUXILIARY DIESEL ENGINE IN THE 
HYBRID CASE 
This research does not consider the Solar PV System on the ship as the main power 
source for supplying electrical load on the ship. It considers its application as 
complimentary to the auxiliary diesel engine as the main power source. Therefore, 
the total power for both the conventional case and hybrid case is Pav as shown above. 
The electrical load of the auxiliary diesel engine in the hybrid case can be determined 
from the equation below 
𝑬𝑳𝒅𝒉 = 𝐏𝐚𝐯 − 𝐏𝑺       Equation 7 
Where 𝐸𝐿𝑑ℎis the electrical load (balance) of the auxiliary diesel engine when the 
Solar PV system supplied electrical load PS. It should be noted that PS is available for 
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only 12 hours, which is the average length of daytime the period when solar energy 
is expected to be available. 
 
3.2.6 DETERMINATION OF FUEL CONSUMED IN THE HYBRID CASE 
As the power (load) of the diesel engine is the hybrid case is lower than that in the 
conventional case by an amount equivalent to PS, the consumption in the hybrid case 
therefore can be determined from the equation below 
𝐐𝒉 = 𝐐𝐟𝐚𝐯 − 𝟏𝟐 ∗ 𝐏𝑺 ∗ 𝑺𝒇     Equation 
8 
Where Qh is the average daily fuel consumption in the hybrid case, Sf is the specific 
fuel consumption and PS  is the available generated power from Solar PV for 12 
hours period. 
 
3.2.7 DETERMINATION OF LUBRICATING OIL CONSUMPTION IN 
CONVENTIONAL AND HYBRID 
The amount lube oil consumed is depends on the engine load, if SL is the specific 
lube oil consumption in g/kwh, for the two cases consumption (g/hr) is given by 
𝑪𝑳 = 𝐒𝑳 ∗ 𝐏𝒂𝒗       Equation 9 
𝑯𝑳 = 𝑺𝑳 ∗ 𝑬𝒍𝒅𝒉       Equation 10 
Where CL and HL are lubricating oil consumptions for Conventional and Hybrid 
cases at the respective average engine loads. 
 
3.2.8 ECONOMIC ANALYSIS 
The economic analysis considers the cost elements involved in the determination of 
the Levelised cost of energy which is used as the basis for the comparison of the two 
cases. 
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3.2.8.1  COST ELEMENTS OF THE CONVENTIONAL CASE 
i. Capital cost of the auxiliary diesel engine(s) referred as Capex 
ii. Cost of fuel consumed for one year period 
iii. Cost of Lubricating Oil consumed for one year period 
Items ii and iii are referred to as the Opex. The cost of replacement of parts during 
the same period has not been considered due to the difficulty of obtaining this data. 
 
3.2.8.2 COST ELEMENTS OF THE HYBRID CASE 
i. Capital cost of the auxiliary diesel engine(s) Capex 
ii. Cost of fuel consumed for one year period 
iii. Cost of lubricating oil consumed for one year period 
iv. Capital cost of Solar PV system-Capex (this excludes the BOS) 
The cost of replacement of parts of auxiliary diesel engine(s) and cost of 
maintenance of the PV system are not considered due to the difficulty stated above. 
 
3.2.9 DETERMINATION OF LEVELISED COST OF ENERGY 
Levelised energy is a ratio of annualised total cost to the total energy produced by 
the system over a year period. The total cost, which is the sum of Capex and Opex, is 
annualised by considering the capital recovery or annualised factor in the total cost. 
In some literatures it is defined as the ratio of the sum of discounted lifetime 
generation costs to the sum of discounted lifetime electricity output (Dalgic, 2015). 
 
The Levelised cost is given by the relationship below 
𝐋𝐂𝐎𝐄 =
𝑻𝑪∗𝐟
𝑻𝑬𝑷
       Equation 11 
Where LCOE is the Levelised cost of energy in $/KWh, TC is the sum of Capex and 
Opex, TEP is the total energy produced by the system over a year period, and f is the 
Capital Recovery or annualised Factor, CRF. This factor converts the initial cost of 
investment to annual cost and is given by: 
45 
𝐂𝐑𝐅 =
𝒓(𝒓+𝟏)𝒏
(𝒓+𝟏)𝒏−𝟏
       Equation 12 
Where r is the interest rate and n is the life span of the system. 
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4.0. CALCULATION AND DATA PRESENTATION 
 
4.1 INTRODUCTION 
The secondary raw data obtained from Clarkson’s database consist of selected 
categories of 10 dry bulk carrier ships whose hatch dimensions were available in the 
database. As the focus of the research is to investigate the potential of solar PV 
application using the developed methodology explained in the previous Chapter, the 
10 ships selected came from four main size categories according to deadweight. 
These categories are Capesize, Panamax, and Handymax. These together constitute a 
total of 7732 dry bulk carriers in the database at the time of the selection process 
representing about 70% of the total dry bulk carriers. Handysize bulk carriers with 
hatch dimensions were not available in the database. 
 
4.2 SELECTION OF SHIPS IN THE CATEGORIES 
Capesize-100,000 Dwt and above: This category represents 15% of the total bulk 
carriers in the database and it is the largest size in terms of deadweight. Three ships 
were selected from this category and represented in order of size, the largest, the 
medium and the smallest. The ships are numbered Ship 1, Ship 2, and Ship 3 in that 
order. 
Panamax-65,000-99,999 Dwt: This represents 23 % of the total bulk carriers and the 
second largest in terms of size. Four ships were selected from this category and 
represented in descending order of size as Ship 4, Ship 5, Ship 6 and Ship 7. 
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Handymax-40,000-64,999 Dwt: This represents 32% of the total bulk carriers in the 
database and the second smallest in terms of deadweight coming next to the 
Handysize. Three ships were also selected and numbered in descending order of size 
Ship 8, Ship 9 and Ship 10. The raw data obtained from Clarkson’s database is 
shown in table 2 below. 
 
Table 2 Raw Data on 10 Bulk Carriers (CLARKSON, 2017) 
 
SHIP1 SHIP2  SHIP3  SHIP4  SHIP6 SHIP7 SHIP8 SHIP9 SHIP10 SHIP5 
Length Overall 
(LOA) 361 
299.9
4 
234.9
3 
249.9
4 
228.9
9 225 225 
189.9
9 185 235 
Breadth 
Moulded 65 50 43 43 32.26 32.2 32.26 32.26 31 43 
Gross Tonnage 
(GT) 
19995
9 
104,7
32 
73,42
7 
55,28
4 
43,02
2 37,519 38,573 
28,64
7 27,781 
50,24
8 
Deadweight(D
wt) 
39753
9 
206,2
04 
105,7
08 
99,04
7 
82,16
5 68,788 64,965 
50,91
3 41,536 
91,43
9 
Year of Build 2012 2005 2001 2005 2013 1990 2014 2001 2017 2000 
Main Engine 
Make 
MAN 
B&W 
7S80
ME-
C8 
Man B 
&W 
6S70
MC-
C7 
Mitsu
bishi 
8 
UEC6
0LSII 
Man 
B&W-
6S60
MC-
C7 
Man 
B&W-
6S60
MC7 
Man B 
&W-
6S60M
CMK3 
Man B 
&W-
6S60M
E-C8 
Man 
B 
&W-
6S50
MC-C 
Man B 
&W-
5G50M
E-B9 
Mitsu
bishi-
6UEC
60LSII 
Main Engine 
SFOC (g/KWh) 
          Main Engine 
Power Rating 
(kw) 29260 
18,68
0 15298 10400 9710 11256 9660 9466 4900 11915 
Auxilairy 
Engines(Gener
ator Sets) 
Make 
MAN 
Turbo 
6L 
21/31 
Yanm
ar 
6N21
AL-DV 
Daiha
tsu 
5DK-
26 
Yanm
ar-
6N18
AL-UV 
Daiha
tsu-
5DC-
17Ae 
Man 
Diesel 
Turbo-
5L23/3
0 
Man 
Diesel 
Turbo-
5L23/3
0 
Daiha
tsu-
5DK-
20 
Man 
Diesel 
Turbo-
5L23/3
0 
Daiha
tsu-
5DK-
20 
Auxiliary 
Engines Power 
Rating (total) 
(KW) 3762 1440 5120 1650 1470 1331 1950 1830 1800 2400 
Number of 
Auxiliary 
Engines 3 3 4 3 3 2 3 3 3 3 
Auxilairy 
Engine 
SFOC(g/KWh) 
          
48 
Fuel Type used 
by Auxilairy 
Engines HFO HFO HFO HFO HFO HFO HFO HFO HFO HFO 
 A.E Daily Fuel 
Consumption(t
ons)           
Auxiliary 
Engines Total 
Annual Lube 
Oil 
Consumption 
          Auxilairy 
Engines Lube 
Oil Type and 
Grade 
          Ship Minimum 
Electrical Load 
          Ship Maximum 
Electrical Load 
          Ship's Number 
of Operating 
Days per Year 
          
 Route Most 
Used by Ship 
Long 
Haul 
Brazil-
China 
Long 
Haul 
Brazil-
China 
Long 
Haul 
Brazil-
China 
Long 
Haul 
Brazil-
China 
Long 
Haul 
Brazil-
China 
Long 
Haul 
Brazil-
China 
Short 
Haul 
Short 
Haul 
Short 
Haul 
Long 
Haul-
Brazil-
China 
Hatch 
Dimensions (L 
Xb) 
          
Hatch 1 
28.50
*20.4
6 
16.20
*20.4
0 
28.80
*26.4
0 
19.20
*15.6
6 
15.37
*15.0
0 
14.40*
12.00 
15.57*
12.00 
17.85
*17.6
0 
19.20*
14.40 
21.00
*18.3
0 
Hatch 2 
28.50
*22.3
2 
16.20
*23.8
0 
28.80
*26.4
0 
20.88
*17.6
0 
17.30
*15.0
0 
14.40*
15.00 
17.30*
15.10 
18.70
*17.6
0 
21.60*
19.20 
18.00
*16.4
0 
Hatch 3 
28.50
*22.3
2 
16.20
*23.8
0 
28.80
*26.4
0 
20.88
*19.2
0 
17.30
*15.0
0 
14.40*
15.00 
17.30*
15.10 
20.40
*17.6
0 
21.60*
19.20 
21.00
*14.6
0 
Hatch 4 
28.50
*22.3
2 
16.20
*23.8
0 
28.80
*26.4
0 
20.88
*19.2
0 
17.30
*15.0
0 
14.40*
15.00 
17.30*
15.10 
20.40
*17.6
0 
21.60*
19.20 
21.00
*14.6
0 
Hatch 5 
28.50
*22.3
2 
16.20
*23.8
0 
28.80
*26.4
0 
20.88
*19.2
0 
17.30
*15.0
0 
14.40*
15.00 
17.30*
15.10 
20.40
*17.6
0 
21.60*
19.20 
21.00
*14.6
0 
Hatch  6 
28.50
*22.3
2 
16.20
*23.8
0 
28.80
*26.4
0 
20.88
*19.2
0 
17.30
*15.0
0 
14.40*
15.00 
17.30*
15.10 
  
21.00
*14.6
0 
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Hatch 7 
28.50
*16.7
4 
16.20
*23.8
0 
  
14.71
*12.8
0 
14.40*
15.00 
17.30*
15.10 
  
21.00
*14.6
0 
Hatch  8 
 
16.20
*23.8
0 
        
Hatch 9 
 
16.20
*23.8
0 
        Hatch 10 
          All coloured empty cells in the table refers to data not available in Clarkson database  
4.2.1 DETERMINATION OF CALCULATED DATA 
 
4.2.1.1 HATCH AREAS 
The areas of hatches were calculated by simple multiplication of the hatch 
dimensions of length (l m) and breadth (b m). Table 3 below is the result of the 
calculation for each of the ships  
Table 3 Hatch Areas 
Ship 1  Ship 2  Ship 3  
l(m) b(m) Area (m2) l(m) b(m) Area (m2) l(m) b(m) 
Area 
(m2) 
28.5 20.46 583.11 20.4 16.2 330.48 28.8 26.4 760.32 
28.5 22.32 636.12 23.8 16.2 385.56 28.8 26.4 760.32 
28.5 22.32 636.12 23.8 16.2 385.56 28.8 26.4 760.32 
28.5 22.32 636.12 23.8 16.2 385.56 28.8 26.4 760.32 
28.5 22.32 636.12 23.8 16.2 385.56 28.8 26.4 760.32 
28.5 22.32 636.12 23.8 16.2 385.56 28.8 26.4 760.32 
28.5 16.74 477.09 23.8 16.2 385.56 
 
Total Area 4561.92 
 
Total Area 4240.8 23.8 16.2 385.56 
   
   
23.8 16.2 385.56 
   
   
23.8 16.2 385.56 
   
    
Total Area 3800.52 
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Ship 4  Ship 5  Ship 6  
l(m) b(m) Area (m2) l(m) b(m) 
Area 
(m2) l(m) b(m) Area (m2) 
19.2 15.66 300.672 18 16.4 295.2 15.37 15 230.55 
20.88 17.6 367.488 21 14.6 306.6 17.3 15 259.5 
20.88 19.2 400.896 21 14.6 306.6 17.3 15 259.5 
20.88 19.2 400.896 21 14.6 306.6 17.3 15 259.5 
20.88 19.2 400.896 21 14.6 306.6 17.3 15 259.5 
20.88 19.2 400.896 21 14.6 306.6 17.3 15 259.5 
 
Total 
Area 2271.744 21 18.3 384.3 14.71 12.8 188.288 
    
Total 
Area 2212.5 
 
Total 
Area 1716.338 
         Ship 7  Ship 8 Ship 9  
l(m) b(m) Area (m2) l(m) b(m) Area (m2) l(m) b(m) Area (m2) 
14.4 12 172.8 15.57 12 186.84 17.85 17.6 314.16 
14.4 15 216 17.3 15.1 261.23 18.7 17.6 329.12 
14.4 15 216 17.3 15.1 261.23 20.4 17.6 359.04 
14.4 15 216 17.3 15.1 261.23 20.4 17.6 359.04 
14.4 15 216 17.3 15.1 261.23 20.4 17.6 359.04 
14.4 15 216 17.3 15.1 261.23 
 
Total 
Area 1720.4 
14.4 15 216 17.3 15.1 261.23 
   
 
Total 
Area 1468.8 
 
Total 
Area 1754.22 
                              Ship 10 
l(m) b(m) 
Area 
(m2) 
19.2 14.4 276.48 
21.6 19.2 414.72 
21.6 19.2 414.72 
21.6 19.2 414.72 
21.6 19.2 414.72 
 
Total Area 1935.36 
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4.2.1.2 CALCULATION OF AVERAGE ELECTRICAL LOAD  
Ship’s maximum electrical load is first determined from the total auxiliary power 
rating of each ship and engine load factor of 0.75 using equation (1). Since electrical 
load and load factor are variable quantities depending on the electrical load demand 
and that depends on ship’s operational mode, the average load on the engine 
corresponding to ship’s average electrical load is determined using equation (4). 
Monte Carlos Crystal Ball Simulation is utilised to obtained the average load using 
total auxiliary power rating and load factor as decision variables (green cells) and 
maximum electrical load as the forecast(accent coloured cells). The values in the 
assumption cells define the available load range from 50-100% of the total auxiliary 
power and permissible range of engine load factor 0.5-0.75. Auxiliary diesel engines 
are normally operating within this load range and load factor as mentioned in the 
literature review chapter. The result of the simulation of average electrical load (light 
green cells) for the ten ships is given in table 4 below. Simulation graph for average 
power for Ship1 is given in figure 20 below. The remaining graphs are provided at 
appendix. 
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Table 4 Average Power Determined By Simulation 
SHIP 
total auxiliary rating 
P(kw) load factor f 
maximum 
electrical load 
Emax (KW) 
Average 
Elecrical 
load(KW) 
SHIP1  3762 0.75 2821.5 1404.63 
Ship 2  1440 0.75 1080 541.04 
Ship 3  5120 0.75 3840 1922.98 
Ship 4  1650 0.75 1237.5 618.28 
Ship 5  2400 0.75 1800 899.4 
Ship 6  1470 0.75 1102.5 827.55 
Ship 7  1331 0.75 998.25 500.14 
Ship 8  1950 0.75 1462.5 727.75 
Ship 9  1830 0.75 1372.5 611.33 
Ship 10  1800 0.75 1350 674.99 
 
 
Figure 20 MONTE CARLO SIMULATION RESULT FOR AVERAGE POWER-SHIP1 
 
4.2.1.3 CALCULATION OF AVERAGE DAILY FUEL CONSUMPTION 
Similarly, average daily fuel consumption is determined using equations (3) and (5). 
Eq (3) is used to first determine the maximum fuel consumption, using the maximum 
engine load or electrical load condition and specific fuel oil consumption of 
200g/KWh for medium and high speed engines. Using eq. (5) to determine the 
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average daily consumption, Monte Carlo Crystal Ball Simulation is used. The 
decision variables (green cells) are the total auxiliary power rating and load factor 
and maximum fuel consumption is used as the forecast (accent coloured cells). The 
same ranges of values for assumptions used in the average load determination are 
used. The simulation values average daily fuel consumption (light green cells) 
obtained are shown in table 5 below. The same result can also be obtained when the 
average power obtained from the previous simulation is multiplied with specific fuel 
oil consumption. Simulation graph for average daily fuel consumption for Ship1 is 
shown in figure 21 below. The remaining graphs are provided at appendix 
 
Table 5 Average Daily Fuel Consumption From Simulation 
Sf 200 g/kwh 24 hrs 
 
total auxiliary rating p 
(kw) 
load 
factor 
f 
Max Fuel Consumption 
Qf(tons)/day 
Qav Average 
consumption/day (tons) 
SHIP1  3762 0.75 13.5432 6.77 
Ship 2  1440 0.75 5.184 2.59 
Ship 3  5120 0.75 18.432 9.22 
Ship 4  1650 0.75 5.94 2.97 
Ship 5  2400 0.75 8.64 4.33 
Ship 6  1470 0.75 5.292 2.65 
Ship 7  1331 0.75 4.7916 2.38 
Ship 8  1950 0.75 7.02 3.52 
Ship 9  1830 0.75 6.588 2.94 
Ship 10  1800 0.75 6.48 3.23 
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Figure 21 MONTE CARLO SIMULATION GRAPH FOR AVERAGE DAILY FUEL 
CONSUMPTION SHIP 1 
 
4.2.1.4 SOLAR POWER DETERMINATION 
The power generated by the PV system is calculated using the standard test condition 
parameters and polycrystalline silicon. The specification of Trina solar 72 cells 
polycrystalline silicon module is used.  Module efficiency 17.1% at 335wp, and 
extreme dimensions 1984mm by 992mm, the following results shown in the table 6 
below is obtained using Eq.(6) 
Demonstration of Solar Power calculation for Ship 1 using Eq.(6) is as follows: 
Hatch Area of Ship 1 is 4240.8m2, Module Area, Am=1.968m
2, m=17.1% and G= 
1KW/m2 
PV output (KW) = 0.171 ∗
4240.8
1.968
∗ 1 = 368.48.KW 
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Table 6 PV System Potential Power Produced (Kw) and Hatch Area 
S/N Hatch Area (m2) PV power output (kw) 
Ship 1 4240.8 368.48 
Ship 2 3800.52 330.23 
Ship 3 4561.92 396.39 
Ship 4 2271.744 197.39 
Ship 5 2212.5 192.24 
Ship 6 1716.338 149.13 
Ship 7 1468.8 127.62 
Ship 8 1754.22 152.42 
Ship 9 1720.4 149.49 
Ship 10 1935.36 168.16 
= module efficiency; Am =module area and G =solar irradiance 
 
4.2.1.5 ENGINE LOAD WITH PV SYSTEM PRODUCING POWER 
 (HYBRID CASE) 
As mentioned in the methodology the PV system only complements the power 
produced by the main auxiliary power pack which is the diesel engine. With the PV 
system producing power during the day, diesel engine in the hybrid case therefore 
carry partial load. This is determined using Eq. 7. The result is shown in table 7 
below. 
Demonstration of Engine Load in Hybrid Case for Ship 1using Eq. 7 is as follows: 
Hybrid Engine Load(KW) = 1404.63 − 368.48 
          = 1036.15 KW 
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Table 7 Engine Load For Conventional and Hybrid Cases With PV System Producing Power 
S/N 
Area (m2) PV power output (kw) 
Load on Aux. 
Engines  Conv (KW) 
Load on Aux 
Engines 
Hybrid(KW) 
Ship 1  4240.8 368.48 1404.63 1036.15 
Ship 2  3800.52 330.23 541.04 210.81 
Ship 3  4561.92 396.39 1922.98 1526.59 
Ship 4  2271.744 197.39 618.28 420.89 
Ship 5  2212.5 192.24 899.40 707.16 
Ship 6  1716.338 149.13 827.55 678.42 
Ship 7  1468.8 127.62 500.14 372.52 
Ship 8  1754.22 152.42 727.75 575.33 
Ship 9  1720.4 149.49 611.33 461.84 
Ship 10  1935.36 168.16 674.99 506.83 
 
It should be noted that PV system power production depends on the availability of 
Sun light, therefore at night the load in the hybrid case and the conventional case are 
the same. This means electrical load will be provided by only the installed auxiliary 
diesel engine(s). 
 
4.2.1.6 DETERMINATION OF AVERAGE DAILY FUEL CONSUMPTION IN 
THE HYBRID CASE 
Using Eq. (8), the average daily consumption is determined taking Sf as 200g/kwh. 
The difference between the two scenarios is the PV power equivalent of fuel 
consumption saved by the operation of the PV system. The result is given in table 8 
below. 
Demonstration of daily fuel consumption determination in Hybrid case for Ship 1 
using Eq.8 
𝑄ℎ(𝑡𝑜𝑛𝑠) = 𝑄𝑐 − 𝑓𝑢𝑒𝑙 𝑠𝑎𝑣𝑒𝑑 𝑏𝑦 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑃𝑉 𝑓𝑜𝑟 12ℎ𝑟𝑠 
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                 =6.77-0.88 
                 = 5.89 
Qh is average daily fuel consumption in hybrid case 
Qc is average daily fuel consumption in conventional case 
 
Table 8 Average Daily Fuel Consumption in Hybrid and Conventional Cases 
S/N 
PV power 
output (kw) 
Daily Fuel  
saved by 
PV(tons) 
Average Daily 
Consumption 
Conv.(tons) 
Average Daily Fuel 
Consumption 
Hybrid (tons) 
Ship 1  368.48 0.88 6.77 5.89 
Ship 2  330.23 0.79 2.59 1.80 
Ship 3  396.39 0.95 9.22 8.27 
Ship 4  197.39 0.47 2.97 2.50 
Ship 5  192.24 0.46 4.33 3.87 
Ship 6  149.13 0.36 2.65 2.29 
Ship 7  127.62 0.31 2.38 2.07 
Ship 8  152.42 0.37 3.52 3.15 
Ship 9  149.49 0.36 2.94 2.58 
Ship 10  168.16 0.40 3.23 2.83 
 
4.2.1.7 CALCULATION OF LUBRICATING OIL CONSUMPTION IN 
CONVENTIONAL AND HYBRID CASES 
The lubricating oil consumption is determined using specific lubricating oil 
consumption SL (g/kwh) of Wartsilla engines of similar power rating which is 0.6 
(Wartsilla, 2017) for engine power ranges between 525-735KW. The annual 
consumption is obtained with the engine running for 24hrs and 365days in the year 
on the calculated average daily load. This is because auxiliary diesel engines unlike 
main engines are continuously running to supply electrical power. The results are 
shown in table 9 below. 
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Demonstration of annual lubricating oil consumption determination for Ship 1 using 
Eqs. 9&10 
𝐶𝑜𝑛𝑣𝑒𝑛𝑡𝑖𝑜𝑛𝑎𝑙 𝐶𝑎𝑠𝑒 (𝑡𝑜𝑛𝑠) = 0.6 ∗ 1404.63 ∗ 24 ∗ 365 ∗ 10−6 
             = 7.38 tons 
𝐻𝑦𝑏𝑟𝑖𝑑 𝐶𝑎𝑠𝑒 (𝑡𝑜𝑛𝑠) = 0.6 ∗ 1036.15.∗ 24 ∗ 365 ∗ 10−6 
             = 5.44 tons 
 
Table 9 Annual Lube Oil Consumption for Conventional and Hybrid Cases 
S/N 
Load on Aux 
Engines Conv 
(KW) 
Load on Aux 
Engines 
Hybrid(KW) 
Annual Lube 
Cons Conv 
(tons) 
Annual Lube 
cons. Hybrid 
(tons) 
Ship 1  1404.63 1036.15 7.38 5.44 
Ship 2  541.04 210.81 2.84 1.11 
Ship 3  1922.98 1526.59 10.12 8.02 
Ship 4  618.28 420.89 3.23 2.21 
Ship 5  899.40 707.16 4.73 3.72 
Ship 6  827.55 678.42 4.35 3.57 
Ship 7  500.14 372.52 2.63 1.96 
Ship 8  727.75 575.33 3.83 3.02 
Ship 9 611.33 461.84 3.21 2.43 
Ship 10  674.99 506.83 3.55 2.66 
 
4.2.2 COST ELEMENTS 
The cost elements and total energy produced by the system calculated over one year 
period are the inputs to the computation of the Levelised Cost of Energy. As PV 
systems are considered as auxiliary to main power systems, the cost elements for 
conventional and hybrid cases are similar with additional cost elements of PV system 
for the hybrid case. In the determination of fuel costs, Rotterdam bunker prices of 
February 2017 are used and the price for a select lube oil supplier based on the major 
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engine builders’ recommended lube oils under the brand name AURELIA TI 4055 
(Wartsilla, 2017). Table 10 below is the result of the cost elements. 
 
Table 10 Cost Breakdown for Conventional and Hybrid 
S/N 
FUEL COSTS LUBE OIL COSTS CAPEX OPEX 
Annual Fuel 
Cost Conv 
($) 
Annual 
Fuel Cost 
Hybrid ($) 
Lub Cost 
Conv ($) 
Lub Cost 
Hybrid ($) 
Capex 
Aux DE 
($) 
Capex  
Solar PV 
($) 
 Opex 
Conv ($) 
Opex 
Hybrid($) 
Ship 1 747492.6 649848 18518.57 13660.49 
 
940500 
 
191611.8 766011.2 663508.5 
Ship 2 285968.4 198461.2 7133.04 2779.33 360000 171718.6 293101.4 201240.6 
Ship 3 1018003 912964.8 25352.47 20126.53 1280000 206120.9 1043356 933091.4 
Ship 4 327925.1 275618.1 8151.37 5548.96 412500 102644 336076.5 281167.1 
Ship 5 478086.1 427143.2 11857.64 9323.10 600000 99967.23 489943.8 436466.3 
Ship 6 292593.1 253074.4 10910.37 8944.21 367500 77549.17 303503.5 262018.6 
Ship 7 262781.8 228962.6 6593.82 4911.23 332750 66364.68 269375.6 233873.8 
Ship 8 388652 348261 9594.62 7585.06 487500 79260.79 398246.6 355846.1 
Ship 9 324612.8 285000.5 8059.74 6088.93 457500 77732.71 332672.5 291089.4 
Ship 10 356632.4 312070.6 8899.03 6681.97 450000 87445.23 365531.4 318752.6 
 Bunker cost US$/ton=302.5; Lubricating oil price US$/barrel=480 
 
4.2.3  ENERGY PRODUCED 
The energy produced in both cases is considered to be equal due to the fact that the 
PV system in the hybrid case is an auxiliary to the main power pack and there is no 
over generation of power. Therefore the total energy represents the energy produced 
by the auxiliary diesel engine(s) running daily at its average load for one year 
365days. However, the amount of energy produced by the PV system running for 
12hrs daily is also given in table 11 below. 
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Table 11 Total Energy Produced By the Auxiliary Diesel Engines and PV System over One Year 
Duration 
  
PV power 
output 
(kw) 
Load on Aux 
Engines Conv 
(KW) 
Load on Aux 
Engines 
Hybrid(KW) 
PV Energy 
supplied (kwh) 
Total 
Energy 
(kwh) 
Ship 1 368.48 1404.63 1036.15 1613960.56 12304559 
Ship 2 330.23 541.04 210.81 1446399.12 4739510 
Ship 3 396.39 1922.98 1526.59 1736172.18 16845305 
Ship 4 197.39 618.28 420.89 864578.67 5416133 
Ship 5 192.24 899.40 707.16 842031.63 7878744 
Ship 6 149.13 827.55 678.42 653202.66 7249338 
Ship 7 127.62 500.14 372.52 558994.83 4381226 
Ship 8 152.42 727.75 575.33 667619.76 6375090 
Ship 9 149.49 611.33 461.84 654748.57 5355251 
Ship 10 168.16 674.99 506.83 736557.89 5912912 
 
4.2.4 ANNUALISED TOTAL COST 
In the determination of the annualised total cost, the length of life of ship and the PV 
systems are taken as 30yrs and the discounted rate of 8% are used for the 
computation of the annualised factor. Discount rate of 8% is usually taken for 
investment in maritime infrastructures(IMO, 2016a).  The below table is the result 
obtained for the two systems. 
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Table 12 Annualized Total Cost for Conventional and Hybrid Cases 
S/N 
Total Cost 
Conv($) 
Total Cost 
Hybrid($) 
Annualised 
Total Cost 
Conv($) 
Annualised Total 
Cost Hybrid($) 
Ship 1 1706511 1795620 152220.8 160169.3 
Ship 2 653101.4 732959.2 58256.65 65379.96 
Ship 3 2323356 2419212 207243.3 215793.7 
Ship 4 748576.5 796311.1 66773.02 71030.95 
Ship 5 1089944 1136434 97222.98 101369.9 
Ship 6 671003.5 707067.8 59853.51 63070.44 
Ship 7 602125.6 632988.5 53709.6 56462.57 
Ship 8 885746.6 922606.9 79008.6 82296.53 
Ship 9 790172.5 826322.1 70483.39 73707.93 
Ship 10 815531.4 856197.8 72745.4 76372.85 
CRF =0.0892 calculated from Eq. 12.  
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5 DISCUSSION OF RESULTS AND SCENARIO ANALYSIS 
 
5.1 INTRODUCTION 
This chapter discusses five substantive findings in regards to the potential of solar 
PV systems application on the selected dry bulk carriers. These are broadly referred 
to as current findings and future scenarios. 
CURRENT FINDINGS 
i. LCOE comparison between conventional and hybrid cases based on 
current market prices of bunker cost,  PV module price and efficiency, 
and capex of auxiliary diesel engines cited in literature 
ii. CO2 emissions reduction potentials in current situation 
FUTURE SCENARIOS 
i. Effect of changes in module price and efficiency on the LCOE 
ii. Effect of changes in bunker costs on LCOE using Rotterdam price for 
HFO 380cST 
 
5.2 CURRENT FINDINGS 
5.2.1 LCOE COMPARISON 
In the LCOE comparison between conventional case and hybrid case, two situations 
will be considered for the hybrid case; 
a) Existing Vessels- This is considered as retrofitting PV System to the existing 
selected vessels with auxiliary already installed as hybrid system. In case, the 
total energy of the system is equivalent to energy produced by the existing 
auxiliary engine(s). 
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b) New Vessels- This is considered the case of a new vessel in which the 
auxiliary diesel engine(s) are hybridised with PV System at the design stage. 
In this case total system energy is the sum of auxiliary diesel engine(s) and 
PV system   
Table 13 below shows the LCOE comparison conventional and hybrid cases 
under current bunker price, current module efficiency of 17.1%, and module 
price of 0.52$/KW  
 
 
Table 13 LCOE Comparison Between Conventional and Hybrid Cases 
S/N 
CONVENTIONAL CASE HYBRID CASE 
LCOE ($/KWH) LCOE  ($/KWH)-EXISTING LCOE($/KWH)-NEW VESSEL 
Ship 1 0.013735 0.015713 0.014548 
Ship 2 0.013647 0.018249 0.015307 
Ship 3 0.013658 0.015213 0.014321 
Ship 4 0.013687 0.016095 0.014659 
Ship 5 0.013699 0.01531 0.014379 
Ship 6 0.009161 0.01052 0.010118 
Ship 7 0.013614 0.015538 0.014421 
Ship 8 0.013758 0.015337 0.01442 
Ship 9 0.014686 0.01653 0.015346 
Ship 10 0.013661 0.015539 0.014445 
 
As LCOE is a measure of cost energy over an assumed life time of a generating 
plant, the smaller the value the more cost effective it is to operate a particular 
technology for power (electricity) generation. In figure 22 below the comparison 
shows a lower LCOE value for the conventional scenario than the hybrid case in 
which the PV system is retrofitted to the existing vessels. This is to be expected since 
in this case the total energy of the system is considered to be equal to the energy 
produced by the existing auxiliary diesel engine(s) whilst the energy produced by the 
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PV is not accounted in the determination of the LCOE whereas its capital cost has 
been factored. The reason for this is that, the PV system is regarded as an auxiliary to 
the main power pack. 
 
 
 
Figure 22 CURRENT LCOE COMPARISON 
 
However, in the case where the PV system is considered at the design of a new 
vessel and its energy production is also considered as forming part of total energy of 
the hybrid system, the auxiliary engine(s) in such a hybridised system are optimised 
and operated at nominal load. Although the engines on the selected vessels are not 
optimised with PV system, there is still a considerable decrease in the LCOE as 
indicated in figure 22 above by the green column by assuming that they are new 
vessels. 
The inference is that PV system application on the bulk carriers will result to lower 
LCOE when compared to the conventional case where only auxiliary diesel engine is 
installed but the PV-D/E configuration should be optimised for new vessels at design 
stage to avoid unnecessary initial and operational expenses. 
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Secondly, even where the LCOE in the hybrid case is higher than the conventional 
case due to the engine running at part load, there is savings in fuel and lubricating oil 
consumption to an equivalent to 10-31% and 18-61% respectively over one year 
period. Figure 23 below shows the savings for various ships. The percentage savings 
are proportional to the power produced by the PV system on each ship under the 
assumed standard testing conditions of the polycrystalline silicon module with 17.1% 
efficiency. 
 
   
Figure 23  CUREENT PERCENTAGE SAVINGS IN FUEL AND LUBE OIL CONSUMPTION 
IN THE HYBRID-(EXISTING VESSEL) 
 
 The reasons for the higher LCOE for the hybrid with PV in both existing and new 
vessel cases are the high initial capital cost of the solar PV module and auxiliary 
diesel engine. Using a PV module cost of 0.52$/kw in the current scenario 
calculation put the solar PV capex between14-35% of the LCOE and 45-55% of 
LCOE for the auxiliary engine capex when engine price of 300$/Kw remains 
unchanged. This is illustrated in figure 24 below when the above prices for PV 
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module and diesel engine are used. Opex share as percentage of LCOE mainly 
depends on the amount of fuel and lube oil consumed by the diesel engine and that 
also depends on the engine operating load. This is an important exposition as it 
indicates that the LCOE for D/E-PV hybrid on the bulk carriers could be lowered 
when solar PV capex is substantially reduced whilst using an optimised auxiliary 
diesel engine.  
 
 
 
 
Figure 24 CURRENT PERCENTAGE SHARE OF LCOE FOR PV CAPEX, D/E CAPEX AND 
OPEX IN HYBRID CASE (EXISTING VESSELS) 
 
5.2.2 EFFECT CURRENT FINDINGS ON POSSIBLE CO2 EMISSIONS 
REDUCTION  
The amount of carbon dioxide emitted by the auxiliary diesel engine is proportional 
to the amount of fuel consumed. In the third IMO GHG study, the total annual CO2 
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emissions by bulk carriers is calculated using the weighted average based on the 
deadweight bracket, number of days at sea and average installed engine power. 
Table 14 below is adopted from the IMO Third GHG Study, 2014 which gives the 
2012 total CO2 emissions from Bulk carrier ships based on deadweight range, 
average installed power and average sea days.  
 
Table 14 Total Annual CO2 Emission of Bulk Carriers Base on Dwt (IMO 3rd GHG 
STUDY,2014) 
Deadweight 
Range 
Number 
of Vssl 
IHSF 
Data 
Average 
dwt 
Average 
installed 
power 
(kw) 
Average 
Days at 
sea  
Average 
Annual CO2 
Emission/Vssl 
Total Annual 
CO2 Emission 
35,000-59,999 3065 52,222 9,022 173 14393.47 44,116,000 
60,000-99,999 2259 81,876 10,917 191 20,026.56 45,240,000 
100,000-
199,999 
1246 176,506 17,330 202 29,165.33 36,340,000 
200,000 - + 294 271,391 22,170 202 36,785. 71 10,815,000 
 
Using the carbon factor of 3,114 kg/ton of fuel burned(IMO GHG Study, 2014), 
table 15 below shows the annual CO2 emissions reduction potentials due to PV 
application on existing bulk carrier ships discussed in this research. The percentages 
are expressed in terms of total annual CO2 emissions from the ships based on the 
information provided in table 14 above. 
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Table 15  Potential Annual CO2 Emissions Reduction Due To PV Application on Bulk Carriers 
S/N Dwt 
Amount of Annual CO2 Reduction (tonnes) 
Due to PV Application 
% Reduction of 
Annual Total  
CO2 Emissions 
Ship 1 397,539 1003.8835 2.7% 
Ship 2 206,204 899.66025 2.4% 
Ship 3 105,708 1079.8991 3.7% 
Ship 4 99,047 537.76793 2.7% 
Ship 5 91,439 523.74367 2.6% 
Ship 6 82,165 406.29205 2.0% 
Ship 7 68,788 347.69478 1.7% 
Ship 8 64,965 415.25949 2.1% 
Ship 9 50,913 407.25361 2.8% 
Ship 10 41,536 458.13901 3.2% 
 
The reduction potential is proportional to the power produced by the solar PV under 
the operating conditions. However, the percentage value is relative to the total annual 
CO2 emissions from the ship. This depends on total installed power, deadweight, and 
the availability of boiler and shaft generators. The total emission also depends on the 
number of sea days as the consumption is different when the main is operating and 
when the vessel is in port. Therefore for vessels of similar size and installed power, 
there is more CO2 reduction potential when PV is installed than the conventional 
case power is supplied by only auxiliary diesel engine. Graphical representation of 
CO2 is show in figure 25 below. 
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Figure 25 GRAPHICAL REPRESENTATIONS OF CO2 REDUCTION POTENTIALS ON 
EACH SHIP DUE TO PV APPLICATION 
 
5.3 FUTURE SCENARIO DEMONSTRATION OF SOLAR PV POTENTIAL 
Demonstration of the future potentials of the D/E-PV hybrid on the bulk carriers 
covered in this study will utilize the changes in fuel price which is a major variable 
in shipping as it constitute 20-60% (Corbett & Winebrake, 2008) of ship’s operating 
cost and changes in PV module price and efficiency. 
 
5.3.1 CHANGES IN PV MODULE PRICE AND EFFICIENCY 
In order to demonstrate future potential of the D/E-PV hybrid, 2025 prediction of 
IRENA, 2016 for PV module price of 0.28$/KW and efficiency of 23% are used. 
The future scenario prediction of LCOE for D/E-PV hybrid maintains auxiliary 
engine price at 300$/Kw as used in the current scenario calculation. Figure 26 
indicates a lower LCOE for the hybrid (New Vessel) case than the conventional case. 
Where the conventional case has lower LCOE than hybrid (existing vessel) case 
there is a bigger fuel and lube oil savings as shown in figure 27 below 
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Figure 26 FUTURE SCEANRIO LCOE COMPARISON 
 
 
Figure 27 FUTURE SCENARIO FUEL AND LUBE OIL SAVINGS IN HYBRID (EXISTING 
VESSEL) CASE 
 
5.3.2 CHANGES IN FUEL PRICE 
The bunk price used in the determination of current scenario LCOEs is the 
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the average Rotterdam bunker prices between 2007 and 2014(Worldwide Bunker 
Prices, Clarksons, 2017) . The highest and lowest average Rotterdam bunker prices 
in fourteen years between 2004 and 2017 occurred in 2012 and 2016 respectively. 
The effects of these two extremes cases of oil prices of 144$/ton and approx. 
640$/ton on the LCOEs of the conventional and hybrid are discussed below. 
 
Figure 28 LCOE COMPARISON AT 2004 ROTTERDAM BUNKER PRICE FOR 380Cst HFO 
@144$ PER TON 
 
It is evident from figure 28 above that when bunker prices are at its lowest of 
155$/ton, the LCOE for the hybrid (Existing Vessel) case is lower when compared to 
the current scenario bunker prices of 302.5$/ton. Accordingly, the annual savings 
from fuel consumption due to the PV application valued from $21,500-$67,200 is 
less when compared to the savings at the bunker price of 302.5$/ton which is 
$33,000-$105,000. This is shown in figure 29 below. 
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Figure 29 ANNUAL REVENUE (US$) ON FUEL SAVINGS FROM MODEL (PV 
COMPLEMENTING) AT LOWEST BUNKER PRICE 
 
When the highest average bunker price of approximately 640$/ton is used the values 
of LCOEs are generally higher than at lower bunker price. However, the hybrid case 
for both existing and new vessels has lower LCOE than the conventional case. This 
is an important discovery as it indicates that when bunker prices soar, it is more cost 
effective to have a hybridised system. This is shown in figure 30 below 
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Figure 30 LCOE COMPARISON AT HIGHEST BUNKER PRICE 
 
The fuel savings in terms of revenue at the extreme bunker price of $640/ton is 
$112,000-$300,000 for the model case with PV complementing as shown in figure 
31 below. 
 
Figure 31 REVENUE ON FUEL SAVINGS AT THE EXTREME BUNKER PRICE OF   
$640/TON 
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5.4 EFFECTS OF FUTURE SCENARIO ON CARBON DIOXIDE CO2 
EMISSIONS   
When a module efficiency of 23% is considered, the possible CO2 emissions 
reduction is shown in table 16 below. As power produced by PV system depends on 
the module efficiency, there is reduction in fuel consumption when more power is 
produced by the PV system and consequent reduction in emissions. There is higher 
percentage reduction in CO2 emissions under future scenarios compared to current 
scenario. Graphical representation of the possible CO2 emissions reductions is shown 
in figure 32 below 
 
Table 16 Potential Annual CO2 Emissions Reduction Due to PV Application on the Bulk 
Carriers 
S/N Dwt 
Amount of CO2 Emissions 
Reduction % CO2 Reduction 
Ship 1 397,539 1350.2526 3.7% 
Ship 2 206,204 1210.0693 3.3% 
Ship 3 105,708 1452.4959 5.0% 
Ship 4 99,047 723.31359 3.6% 
Ship 5 91,439 704.45056 3.5% 
Ship 6 82,165 546.47469 2.7% 
Ship 7 68,788 467.65965 2.3% 
Ship 8 64,965 558.53616 2.8% 
Ship 9 50,913 547.76802 3.8% 
Ship 10 41,536 616.21036 4.3% 
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Figure 32 GRAPHICAL REPRESENTATION OF ANNUAL CO2 EMISSIONS REDUCTION 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 
The unprecedented growth in the world seaborne trade over the last decade due to 
population growth and industrialisation has resulted in the increase in maritime 
transport. A consequential increase in the amount of CO2 emitted from the use of 
fossil fuel by merchant ships has been recorded in the IMO GHG Studies. Bulk 
Carrier fleet constitute a significant number of the world merchant fleet and currently 
has 43.1% share by deadweight of the world deadweight tonnage according to 
UNCTAD 2016 report. 
Whilst every effort is being made by IMO to respond to the global call for CO2 
reduction in the international shipping through technical and operational measures, 
many technological innovations have been developed in recent years for the sector in 
order to reduce its dependence on fossil fuel. Amongst the many potential 
innovations such as LNG, wind, methanol and fuel cells researched into and some of 
which are now finding applications or being considered for merchant ships, the case 
of Solar PV has received little attention despite its many applications on land. 
Consequently, this research investigated into the potential of solar PV on dry bulk 
carriers in auxiliary power capacity whose open space on the hatch covers are never 
utilised throughout the ship’s lifetime. In the absence of vital data regarding annual 
fuel consumption of the selected ships, this research has developed a methodology 
with high degree of confidence for arriving at the values used in Chapter IV and 
applied LCOE concept to determine the PV potentials. 
The research has discovered significant outcomes, which can be summarised as 
follows: 
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1. Under current market price scenarios, LCOE for the conventional case is 
lower compared to the hybrid case. This means conventional case is more 
favourable based on the lower cost of energy. This is due to the high capex 
and relatively low efficiency of solar PV module. However even under the 
current price scenarios, with PV application there is fuel savings of between 
10-31% compared to conventional over one year period. The equivalent 
savings in tonnes is ship specific and depends on the power produced by the 
PV system. In monetary terms the savings annually is $34,000-$105,000 
under the current bunker price. There is more to gain in the long run from the 
environmental perspectives due to the CO2 reduction potentials from reduced 
fuel consumption. 
2. Future scenario prediction where bunker price, module efficiency and module 
price are variables, the hybrid LCOE responds more favourably than the 
LCOE for conventional case even with lower bunker price scenario. 
Although low LCOEs is achieved in both cases with lowering of bunker price 
but the hybrid case is further lowered with increase in efficiency and lower 
module cost and result in higher fuel savings. Conversely, with higher bunker 
cost as was the case in 2012, the hybrids comparatively have much lower 
LCOE than the conventional case.  
3. Hybrid LCOE is sensitive to variation in module price and efficiency. With 
the speed of advancement in PV module technology, and the upping of the 
scale of module production, higher efficiency and low module prices are 
predicted. Therefore, there is more to gain in the application of technology on 
bulkers as LCOE will be lower when compared to conventional scenario of 
the same installed power. Additionally, with higher module efficiency there is 
more power generated by PV assuming STC prevails and consequently less 
fuel consumed by the hybridised diesel engine. This implies that there is a 
win-win situation in the utilization of Solar PV due to less emission of CO2 
and low operating cost. 
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4. A potential CO2 emissions reduction of 2-5% annually of the total annual 
CO2 emissions from the selected dry bulk carrier ships is possible with the 
application of a renewable energy option such as solar PV to assist auxiliary 
diesel engines in auxiliary power generation capacity.  
5. As this research is representative of the overall bulk carrier fleet of 11,083 
ships,  if it is assumed that the PV technology is applicable to only 10% of 
the fleet, then an average of nearly 3% CO2 emissions reduction of total 
annual CO2 emissions from nearly 1110 bulk carrier ships is possible. 
 
The novelty of this research firstly, comes from the application of Levelised Cost 
concept to investigate the potential of solar energy for the first time on dry bulk 
carriers.  The concept is an appropriate way of comparing the cost of energy 
production between energy systems.  However, the non-availability of commercial 
data on auxiliary diesel engines, which led to the development of a methodology for 
determining the average engine load and fuel consumption, is the second novelty of 
this research. To reflect uncertainty, Monte Carlo Simulation using Crystal Ball was 
utilized. The developed methodology can be used to determine and analyse amount 
of energy produced as well as cost components of fuel and lubricating oil for existing 
and new auxiliary engines using engine technical data. 
This research has revealed large potentials of Solar PV applications on the selected 
dry bulk carriers using a combination of methodologies, taking into consideration the 
key assumptions and limitations stated. 
Further research is therefore recommended with the objective of reducing the 
assumptions and limitations imposed especially in the following areas: 
 Investigate the potential of Solar PV on a particular sea route using time and 
location for solar irradiance. This takes into account the effects 
environmental variabilities on the solar irradiance 
 Increase the number of selected ships for each size category in order to depict 
a possible disparity in trend between categories 
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  Increasing the number of trial run in the simulation for better results. 
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APPENDIX 
SIMUALTION GRAPHS FOR AVERAGE DAILY FUEL CONSUMPTION 
 
 
 
 
85 
 
 
 
 
86 
 
 
 
 
 
87 
 
 
 
 
 
88 
 
 
SIMULATION GRAPHS FOR AVERAGE ENGINE LOAD 
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